In this study ESR, UV, VIS and IR spectroscopy, chromatography, calorimetry, and elemental analysis were employed to show the spontaneous formation of free radicals under low-temperature action of molecular chlorine on acetylene monomer p-diethynylbenzene, and vinyl monomer acrylamide. These radicals are able to initiate chain reaction of polymerization of monomers at low temperatures. This reaction results in a completely soluble polymer with a yield of 25 %, while an insoluble cross-linked polymer has been obtained during polymerization of p-diethynylbenzene initiated by other means. For example, under radiolysis by 1000 kGy the soluble fraction of obtained polymer was ≈ 1% while the overall yield was ≈ 10%. p-Diethynylbenzene polymerizes at temperatures close to chlorine melting (170 K). Polymerization of acrylamide takes place in the temperature range of 180-210 K with an yield of polymer ≈ 10%. The low-temperature chlorination of a 20%-solution of acrylamide in glycerol enables a twofold increase of the polymer yield, and a tenfold decrease of the chlorine content in it.
Introduction
In Refs. 1-3 the spontaneous formation of active free radicals in the reactions of low-temperature halogenation of vinyl monomers, natural and synthetic polymers at 50-170 K has been found. At pressures of F 2 , Cl 2 < 100 Torr the concentration of radicals reached values of 10 17 -10 20 spin/g, for which, for example, in the radiolysis would require 10 3 or 10 4 kGy. Usually, in order to obtain free radicals, a high energy impact on the system is necessary (i.e., heating, radiation, mechanical, etc.). It was suggested [2, 3] that formation of radicals in the course of low-temperature halogenation occurs in multimolecular complexes from breaking chemical bonds without external energy impact. For molecular halogenation it is sufficient to merely regroup the original bonds in multimolecular complexes and the process takes place without a final break of chemical bonds and the formation of free radicals and ions [4] . Formation of free radicals needs more energy and requires involvement of a larger number of halogen molecules in the complex. Therefore, in the chlorination of vinyl monomer with a double bond opening, for the enthalpy to be negative, it is necessary that the number of chlorine molecules is equal to two or more:
H < 0 for n 2. Formed radicals can play an important role in the processes which take place during low-temperature halogenation of monomers and polymers. From the viewpoint of practical application this study addresses the specificity of low-temperature chemical processes. For example, during chlorination of lignocellulose materials, chlorination of the aromatic nucleus (accompanied by formation of toxic chlorphenols and chlorodioxines) can be avoided and only double bonds of the chain can be selectively chlorinated. Prior to this study, the ability of radicals formed during low-temperature halogenation to initiate low-temperature polymerization were not available in the literature. Specificity (peculiarities) of halogenation at low-temperatures can allow production of polymers with new characteristics.
The purpose of this study was to investigate the possibility of spontaneous formation of free radicals in the course of molecular chlorine effect to acetylene monomer, paradietinilbenzene (p-DEB), and vinyl monomer, acrylamide (AA), at low temperatures and their ability to initiate polymerization of these monomers. In the case of positive results, the aim was to determine the temperature range of polymerization occurrence and to optimize the process by conducting low-temperature chlorination of AA solutions in ethanol and glycerol.
Experimental
Ultraviolet, visible, IR and ESR spectroscopy, calorimetry, elemental analysis, chromatography, and viscosimetry methods have been used for investigations. Commercial acrylamide (T m = 357.5 K, "Fluka", main substance content 90%) and p-DEB (T m = 363 K, content of main substance 99%) were purified by reprecipitation from benzene and ethanol solutions, respectively. Chlorine is prepared in the laboratory by the reaction:
Apart from carrying out the common etching of chlorine the impurities were also removed at cryogenic conditions. In the course of heating of chlorine samples obtained and frozen at 77 K the temperature dependence of the vapor pressure has been measured. This dependence was compared with the vapor pressure of pure HCl and Cl 2 vs. temperature [5] . Repeated removal under vacuum of vapor of Cl 2 with impurities in the temperature range 120-194 K, if there were mismatches between the vapor pressure values, allowed us to obtain pure chlorine.
The monomer samples (the weights ranging 300-500 mg) were first vacuumized and cooled down to 77 K then filled with chlorine. The content of the latter in the initial samples ranged from 5 to 50 wt%. In order to increase the contact surface of the reactants in the case of acrylamide solution in ethanol or glycerol, samples were prepared as follows. Solutions were dripped into a vessel containing liquid nitrogen, the resulting frozen balls were ground and after removal of the liquid nitrogen a chlorine sample was deposited on them at 77 K. The process of chlorination of p-DEB, AA and solutions of the latter in ethanol or in glycerol was done at the lowest temperature, where it still proceeds at a measurable speed. Ampoules containing monomers, either 20% solutions of AA in ethanol or glycerol and deposited on them at 77 K chlorine (T m (Cl) = 172 K, T b (Cl) = 238.4 K) were immersed in a Dewar vessel filled with ethyl alcohol cooled to 110 K (ethanol devitrification temperature T g = = 110 K) and gradually warmed up to 180-210 K for monomers and to 230 K for solutions at a rate of 0.5 deg/min and kept at this final temperatures for 4-5 h. For calorimetric studies carried out as described in Ref. 6 diathermic calorimeter has been used. The output of non-volatile products formed during low-temperature operation of molecular chlorine was determined at 300 K gravimetrically after removal of unreacted components by evacuation and extraction with ethanol in the case of AA (acrylamide is highly soluble in ethanol, whereas polyacrylamide is not). The insoluble were dried. Molecular weights of the products obtained were determined by either gas chromatography or viscosimetry. Elemental analysis was performed with Pregl's method. The optical absorption spectra in UV, VIS regions were recorded on a spectrometer "Shimadzu UV-3101 PC", the infrared spectra, on a "Perkin Elmer" spectrometer Lambda EZ 210 at 300 K. The ESR spectra were registered on a radiospectrometer 3-cm-band ESR-21 at 77 K and the microwave field ~10 -5 W.
Discussion of results
It is known that under UV or γ irradiation, as well as catalytic and thermal action, acetylenic monomers FA and p-DEB, polymerize to form chains with conjugated bonds [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Therefore, the resulting polymers, depending on the length of conjugation, have color from light brown to black, which allows their studies by means of optical spectroscopy [9, 11, 15] .
During low-temperature operation of molecular chlorine on the p-DEB, non-volatile viscous dark yellow products were obtained, the viscosity and color of which depend on the time of action of chlorine: the viscosity increases with time, while the color becomes brown. After ten repetitions of the heating from 100 to 210 K, nonvolatile products that are well soluble in ethanol were formed. The monomer conversion was about 15 %, the chlorine content in obtained product was 50 wt%. After 20 repetitions of heating, in addition of viscous products, solids insoluble in ethanol but completely soluble in dimethylformamide (DMFA) and tetrahydrofuran (THF) were formed. Low-temperature action of chlorine on p-DEB resulted in non-volatile products, completely soluble in DMFA and THF. Generally, the maximum yield of nonvolatiles (viscous and solid), obtained by low-temperature effect of chlorine on p-DEB, amounted to approximately 25 %. According to elemental analysis the chlorine content in them was about of 40 wt%.
Comparative analysis of non-volatile products obtained by low-temperature operation of molecular chlorine on the p-DEB with polymers of p-DEB obtained by γ irradiation has been carried out. Formation mechanism and properties of these polymers are well known (see . Molecular masses of non-volatile products obtained at lowtemperature action of chlorine and γ irradiation, are shown in Table 1 . Our data show that with short times of Cl 2 action the oligomers consisting of several monomer units (2-3) and soluble in ethanol are formed. At larger times, as mentioned above, in addition to the viscous fraction soluble in ethanol, solids soluble in DMFA and THF are produced. Medium-weight molecular mass of common products is as high as ~ 1600. According to elemental analysis the chlorine content is ≈ 40 %, i.e., for each monomer unit of non-volatile products obtained under low-temperature effect of chlorine on p-DEB, we have ~ 2 atoms of chlorine. Based on these data, the low-temperature treatment of molecular chlorine on p-DEB results in fully soluble and non-crosslinked (possibly branched) polymers, whose molecules contain 8-9 monomer units. It should be noted that in the polymerization of p-DEB by other methods [7, 9, [11] [12] [13] [14] mostly insoluble, crosslinked polymers are formed. The macromolecular soluble fraction of the polymer obtained under irradiation of p-DEB, consists of about 14 monomer units (see Table 1 ). The yield of this fraction is ~ 1 % at a total yield of 10 % (at D = = 1000 kGy).
The calorimetric studies were carried out to clarify the question of what is the temperature at which the processes of polymerization and chlorination of the monomer and resulting polymers takes place. Figure 1 shows calorimetric heating curves of pure Cl 2 (1) and a mixture of p-DEB + Cl 2 (2) . During heating of Cl 2 only an endothermic peak associated with melting of Cl 2 (T m (Cl) = 172 K, boiling point of Cl 2 T b (Cl) = 238.4 K) at temperatures ~ 170 K is observed. Melting of p-DEB occurs at 363 K, and in the temperature range 77-300 K no thermal effects associated with changes in the phase state were observed. Heating of p-DEB containing Cl 2 (~ 26 wt%), revealed a heat release. For fine specimens of p-DEB (obtained by sublimation of the monomer), the reaction starts at 30 K below the melting point of chlorine, when the mobility of the Cl 2 molecules is sufficient to maintain the process at an appreciable rate. Closer to the melting point of chlorine (~ 168 K) one can observe the heat release of "explosive" nature. Further increase in temperature does not lead to any thermal effect.
To elucidate the mechanism of processes occurring during the low-temperature action of chlorine on p-DEB, ESR spectrometry was used. Figure 2 (spectrum 1) shows the ESR spectrum of radicals produced by low-temperature (77-210 K) action of chlorine on p-DEB (registration of the spectra at 77 K). The spectrum is a broad singlet with ΔH = 3 mT and g = 2.003. While the radicals formed during the interaction of Cl 2 with ethylene and methyl methacrylate at low temperatures [2, 3] , show up as well resolved lines from the hyperfine interaction due to of the unpaired electron with the nuclei of hydrogen and chlorine, in the case of p-DEB there is a structureless shaped feature which indicates that delocalization of the unpaired electron takes place along the conjugated chain. Broadening of the singlet line (from conventional 1 to 3 mT) points to the inclusion of chlorine atoms in the chain. The radicals with measurable rates were formed during the repeated 100 to 210 K heating of the sample (monomer + Cl 2 ) prepared at 77 K. Figure 2 also shows the ESR spectrum of p-DEB γ irradiated at 300 K (spectrum 2, registration of spectra at 77 K). It is a singlet with ΔH = 1.2 mT and g = 2.003 characteristic of polyconjugated systems [11] [12] [13] [14] . Thus, under low-temperature action of molecular chlorine on p-DEB, radicals that can initiate polymerization at low temperatures are produced. However, the growing macroradicals loose their activity (which is also observed for other methods used to initiate polymerization of acetylenic monomers), and consequently the resulting polymers have short chains.
It is believed that the reason for the formation of polymers with short chains during free-radical polymerization of acetylenic monomers is the electron delocalization along the chain of conjugation in the growing macroradicals. However, in the low-temperature studies by Gordon et al. [11] [12] [13] [14] where it was possible to separate the stages of initiation, growth and termination of chain formation, it was shown that in a linear growing macroradical the electron formed during the opening of a triple bond is located in plane P z . This plane is perpendicular to the plane of the conjugated π-electrons P xy and electron is localized on the terminal fragment of the molecule and therefore is not involved in conjugation. The ESR spectrum is a doublet with ∆H = 2.6 mT. Therefore, a linear growing macroradical must be active. It looses activity when it meets at a polyene chain of the polymer molecule, i.e., a branched polymer is to form. The electron moves to plane P xy and is involved in conjugation, as observed in studies where polymerization was carried out at elevated or normal temperatures when propagating linear macroradicals have the opportunity to meet with neighboring macromolecules. The ESR spectrum for this case is a singlet with ∆H = 1 mT, characteristic of conjugated systems. In Refs. 11, 17 it was suggested that the reason for the low activity of growing linear macroradicals can be also that their growth is tense and thus they start "curling up". Then the active center is shielded, and the macroradical looses its activity. Preservation of the activity of growing linear macroradicals requires their immobilization. Figure 3 shows optical absorption spectra of monomer p-DEB and its polymers produced by gamma irradiation, as well as oligomers and polymers obtained by lowtemperature action of chlorine on the monomers under study. In contrast to the spectra of monomer p-DEB (spectrum 1) with peaks at 259, 271, 283 and 292 nm, the polymers obtained by radiolysis (spectrum 2), show diffuse absorption, running up to 700 nm with no pronounced absorption peak (the so-called "shoulder") at ~ 365 nm for the soluble fraction of polidiethynylbenzene, such absorption is typical of polymers with of conjugated bonds [9, 11] . In the spectra of oligomers and polymers obtained by lowtemperature action of chlorine (spectrum 3), one can also observe the diffuse absorption in the range of 300-450 nm but no absorption band (shoulder). This is apparently because during gamma irradiation the polymer is of uniform composition and the ratio of weight-average molecular mass to number average molecular mass is M w /M n ~ 1.1, while for the low-temperature chlorination this ratio is M w /M n ~ 3.75. This means that the polymer, obtained by low-temperature action of chlorine on p-DEB, consists of molecules of different lengths, and hence the sites of conjugation can be of different length, which leads to diffuse absorption edge. Figure 4 shows infrared spectra of p-DEB monomers and their oligomers and polymers prepared by lowtemperature action of molecular chlorine and gamma irradiation. Comparing the spectra of monomers and polymers one can see that in polymers, there is a series of bands in the 1600-1750 cm -1 characteristic of polyenes.
It is known [18] that in polyenes a few bands appear in this spectral range, sometimes merging into one broad band, and the band shifts toward lower frequencies with increasing number of conjugated bonds. The bands from 1450 to 1600 cm -1 , according to the literature [18] , is typical of aromatic compounds, and the band at 1580 cm -1 appears only when the benzene ring is associated with an unsaturated group. The appearance of bands in this spectral range in the polymers obtained both by the action of chlorine on p-DEB and its radiolysis is evidence of involvement of the benzene ring in the conjugation. This conclusion is consistent with the data obtained in Refs. 12, 13. The bands at 738, 786 and 878 cm -1 are characteristic of the C-Cl bond.
Thus, at low temperatures (100-210 K), the action of molecular chlorine on p-DEB is the formation of free radicals, capable of stimulating the reaction of oligomerization and polymerization. The formation of oligomers and polymers with appreciable rates begins near the melting point of chlorine and accelerates the chlorination progresses at melting. In this case, unlike the insoluble crosslinked polymers obtained by other methods of initiation, a spatially non-crosslinked (possibly branched), completely soluble polymers are formed. Fig. 3 . Optical absorption spectra of monomer p-DEB (1), its polymers obtained by gamma irradiation (2), as well as oligomers and polymers obtained at low-temperature action of chlorine on the p-DEB (3).
The product obtained upon low-temperature action of molecular chlorine on acrylamide, after removal of volatile products and products soluble in ethanol, is a powder that changes color from nearly white to gray depending on the chlorine content. Output of non-volatile and insoluble in ethanol product is weakly dependent on the chlorine content in the original sample at contents from 5 to 10 wt% and amounts to ~ 8-10%. Gel permeation chromatography (GPC) analysis of the product showed that the bulk of the product has a molecular mass of (1-2)•10 3 , a high molecular mass (~10 5 ) fraction being also present, but at a lower proportion (about 1%). The chlorine content in the product is 10 and 20% for the chlorine content in the original sample of about 5 and 10 wt%, respectively. It means 4-5 or two molecular units have one atom of chlorine. The chlorine content in the original sample of about 50 % results in a decreased content of insolubles in ethanol products. Figure 5 shows the infrared spectra of polyacrylamide with a molecular weight of 10 5 , obtained by low-temperature radical polymerization under γ irradiation of acrylamide as described in Refs. 19, 20 and the products obtained by low-temperature action of molecular chlorine on acrylamide. In both spectra a broad band in the range of 1000-1450 cm -1 with peaks at 1115, 1188, 1320, and 1415 cm -1 is observed (in contrast to the spectrum of the monomer). These bands correspond to bands in the polyacrylamide, described in the literature [21, 22] . Therefore, on the basis of chromatography and spectroscopy data we can conclude that the unvolatile product insoluble in ethanol and soluble in water obtained during molecular chlorine action on acrylamide is polyacrylamide. Calorimetric measurements were carried out in order to determine the temperature range of the reactions of polymerization and chlorination of a monomer and a resulting polymer. Figure 6 shows the heating curve of the mixture of AA with molecular chlorine (Cl 2 content of 10 wt%). One can see the melting peak of chlorine at 172 K and a heat release in the range of 180-210 K. No thermal effects were observed under further heating. It is natural to associate the heat release at 180-210 K with polymerization reaction of AA and reactions of chlorine with AA and the resulting polymers, since the calorimetric heating curve of pure AA in the range of investigated temperatures does not show any thermal effects, while the curve for a pure chlorine sample reveals only the peak associated with its melting at 172 K. Thus, we conclude that all processes mentioned above take place in the temperature range of 180-210 K. If all the heat Fig. 4 . Infrared spectra of p-DEB monomer (a) and its oligomers and polymers prepared by gamma irradiation (b) and lowtemperature operation of molecular chlorine (c). (1), by molecular chlorine action on AA (2), and molecular chlorine action on AA solution in glycerol (3).
release were attributed to polymerization process, the polymer yield should be 20%. However, the gravimetric yield of the polymer is 10%. This means that the rest of the heat release (50%) is due to the chlorination reaction between the monomer and the emerging polymers.
To elucidate the mechanism of processes occurring during low-temperature action of molecular chlorine on acrylamide, ESR studies were carried out. Registration of propagating macroradical, as it was done for the propagating macroradical during low-temperature chlorination of p-DEB, failed. However, peroxide radical [16] recorded at admission of oxygen into the system AA + Cl 2 at 170 K (Fig. 2 , spectrum 3) is evidence in favor of a radical mechanism of the processes occurring during low-temperature chlorination of acrylamide. It is known [23] that contact of irradiated polymers with oxygen produces peroxide radicals through an interaction between oxygen and radicals formed in polymers during irradiation. It means that these peroxyde radicals are secondary radicals. Therefore, we can conclude that peroxide radical registered in our case is also secondary radicals formed during interaction between oxygen and radicals formed in the course of low-temperature action of molecular chlorine on acrilamide.
The above-mentioned reactions which take place during molecular chlorine action on acrylamide can be represented schematically as follows: 
c) reaction of chain propagation:
d) reaction of chain termination:
where M is the monomer (in this case acrylamide), R is the monomeric radical, R p is the propagating macroradical, P is the polymer.
2. Chlorination reaction of the monomer and polymers can be represented as follows: a) monomer: ____________________________________________________ b) polymers: _______________________________________________ According to Ref. 24 the strength of a bond in β position with regard to free radical center is lower by 5-10 kcal/mol than in α position. It means that chlorination in β position is preferable. For a more definite answer to the question of the structure of the polymer (namely, the location of halogen substituent in the polymer chain), we suggest to conduct appropriate NMR studies. Thus, it is shown that the radicals formed during low-temperature action of molecular chlorine on AA, initiate the polymerization reaction, which takes place at temperatures 180-210 K with a yield of polymer of ≈ 9-10 %.
However, it is known [19] that there are ways to significantly increase the yield of the polymer in the case of acrylamide low-temperature polymerization. It was found that heating of a 20 %-solution of acrylamide in ethyl alcohol γ irradiated at 77 K, the polymer yield at a dose of 20 kGy reaches 80 %, while γ irradiation by the same dose of 20 kGy of crystalline acrylamide leads to a polymer yield of ~ 3%. The reaction occurs in the temperature range of alcohol solution devitrification (120-130 K). At these temperatures the mobilities of monomer radicals and monomer molecules are sufficient for effective initiation and growth of polymer chains but the mobility of propagating macroradicals is not sufficient for their recombination. Therefore, there is a possibility for living radical polymerization, which results in a product with high yields. In Ref. 25 the polymerization of acrylamide in the matrix of glycerol (polymer yield ~ 85 %) was studied. The reaction was initiated by radicals formed in glycerol during storage under day light. The reaction can also be initiated by UV and γ irradiation.
Thus, the effect of molecular chlorine (chlorine content in the original sample is ~10%) on a 20% acrylamide solution in ethanol at low temperatures leads to radical polymerization of acrylamide, which proceeds in the temperature range 170-230 K, and the formation of polyacrylamide with a molecular mass of ~ (1-2) •10 3 . The chlorine content in it, according to the elemental analysis is reduced from 17.7 to 13.5%, compared with the polymer obtained by the chlorination of pure monomer. However, the efficiency of the process remained the same (≈ 10%). The radicals formed during low-temperature chlorination of the solutions of acrylamide in glycerol, also initiated polymerization reaction. Polymerization and chlorination reactions take place in the temperature range 200-250 K. Polyacrylamide forms during this process with a yield of ≈ 18%, molecular weight of ≈ 2 •10 5 , and chlorine content of ~ 2%, the latter being roughly 10 times smaller than in polymers produced by chlorination of pure acrylamide. The increased polymer yield at low-temperature chlorination of acrylamide in glycerols apparently, due to participation in polymerization of the radicals formed in the glycerol under the influence of daylight, as shown in Ref. 25 , and with more viscous media than in the case of AA solution in ethanol.
Conclusion
For the first time it has been shown that during lowtemperature chlorination of p-DEB free radicals form which are able to initiate polymerization process. Polymerization takes place close to chlorine melting (170 K) simultaneously with chlorination process. The resulting polymer with a yield of 25% is absolutely soluble while the polymer obtained with other methods of polymerization initiation is cross-linked and insoluble. Radicals formed during low-temperature action of molecular chlorine on acrylamide also initiate the polymerization process which proceeds simultaneously with chlorination in the temperature range 180-210 K. Low-temperature action of molecular chlorine on acrylamide + glycerol mixture leads to a two-fold increase of the polymer yield, and in a ten-fold decrease of chlorine content in it.
